Context. The intrinsically faint M dwarfs are the most numerous stars in the Galaxy, have main-sequence lifetimes longer than the Hubble time, and host some of the most interesting planetary systems known to date. Their identification and classification throughout the Galaxy is crucial to unravel the processes involved in the formation of planets, stars and the Milky Way. The ESO Public Survey VVV is a deep near-IR survey mapping the Galactic bulge and southern plane. The VVV b201 tile, located in the border of the bulge, was specifically selected for the characterisation of M dwarfs. Aims. We used VISTA photometry to identify M dwarfs in the VVV b201 tile, to estimate their subtypes, and to search for transit-like light curves from the first 26 epochs of the survey Methods. UKIDSS photometry from SDSS spectroscopically identified M dwarfs was used to calculate their expected colours in the Y JHK s VISTA system. A colour-based spectral subtype calibration was computed. Possible giants were identified by a (J − K s , H J ) reduced proper motion diagram. The light curves of 12.8<K s <15.8 colour-selected M dwarfs were inspected for signals consistent with transiting objects. Results. We identified 23,345 objects in VVV b201 with colours consistent with M dwarfs. We provided their spectral types and photometric distances, up to ∼ 300 pc for M9s and ∼ 1.2 kpc for M4s, from photometry. In the range 12<K s <16, we identified 753 stars as possible giants out of 9,232 M dwarf candidates. While only the first 26 epochs of VVV were available, and 1 epoch was excluded, we were already able to identify transit-like signals in the light curves of 95 M dwarfs and of 12 possible giants. Conclusions. Thanks to its deeper photometry (∼4 magnitudes deeper than 2MASS), the VVV survey will be a major contributor to the discovery and study of M dwarfs and possible companions towards the center of the Milky Way.
Introduction
Stars with masses less than 0.6 M span the peak of the stellar initial mass function and dominate the galactic stellar populations by number (Bastian et al. 2010 ). These objects are the M dwarfs: cool and faint stars, with complex spectra characterised by molecular absorption of TiO, CaH and VO in the optical, and FeH and H 2 O in the near infrared (Morgan et al. 1943; Mould 1976) . Their main sequence lifetimes are longer than the age of the universe, with the least massive (M <0.25 M ) remaining fully convective during their evolution (Laughlin et al. 1997) . Some of them exhibit strong magnetic fields that can produce more magnetic activity that the sun (Johns-Krull & Valenti 1996) . They are the hosts of the closest rocky planets to the Earth, and overall, they should be the most likely hosts of terrestrial planets in the Galaxy (Bonfils et al. 2013; Dressing & Charbonneau 2013; Kopparapu 2013; Tuomi et al. 2014) .
In the past decade, the study of M dwarfs has greatly benefited from photometric optical and near-infrared wide field deep surveys, such as the Sloan Digital Sky Survey (SDSS, York et al. 2000) , the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006 ) and the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007 ). Such surveys have found nearby new lowmass and ultra cool dwarfs by colour-selection and proper motion searches (e.g. Kirkpatrick et al. 1997; Deacon et al. 2009; Lodieu et al. 2012c) , have provided fundamental properties of a large number of low-mass stars from colour-based relations (e.g. parallaxes and spectral types, Hawley et al. 2002) , have enlightened their magnetic activity (e.g. West et al. 2004; Morgan et al. 2012 ) and flaring properties (e.g. Liebert et al. 1999; Hilton et al. 2010; Davenport et al. 2012) , and have allowed the measurements of mass and luminosity functions of low-mass dwarfs in the Galactic disk (Covey et al. 2008; Bochanski et al. 2010) , as well as the photometric initial mass function from Galactic clusters (e.g. Lodieu et al. 2012a,b; Boudreault et al. 2012; Lodieu 2013) .
Of the mentioned surveys, only 2MASS mapped the bulge the Milky Way down to magnitude ∼14, in two epochs. VISTA Variables in the Vía Láctea (VVV) is a public ESO near-infrared (near-IR) variability survey aimed at scanning the Milky Way Bulge and an adjacent section of the mid-plane (Minniti et al. 2010) . VVV complements previous near-IR surveys, providing better spatial resolution and deeper photometry (∼ 4 magnitudes Article number, page 1 of 11
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A&A proofs: manuscript no. rojas-ayala_2014_vvv deeper than 2MASS) and multi-epoch K s -band images which allows the identification of nearby faint/late M dwarfs as well as faraway unknown early M dwarfs with variable photometry consistent with transiting companions (Saito et al. 2011 ).
We present a colour-based selection of M dwarfs in the b201 tile of the VVV survey. In section 2, we give the description of the survey and of the tile b201. In section 3, we present our M dwarf selection method based on 6 colour-selection cuts obtained from SDSS spectroscopically observed M dwarfs with UKIDSS photometry. A spectral subtype calibration based on (Y − J), (Y − K s ), and (H − K s ) is given in section 4. In section 5, we identify possible giants contaminants from a reduced proper motion criterion. In section 6, we identify M dwarf candidates with transit-like light curves. We discuss our results and conclusions in section 7.
Data
The VVV survey gives near-IR multi-colour information in five passbands: Z (0.87 µm), Y (1.02 µm), J (1.25 µm), H (1.64 µm), and K s (2.14 µm) which complements surveys such as 2MASS (Skrutskie et al. 2006) , DENIS (Epchtein et al. 1997) , GLIMPSE II (Churchwell et al. 2005) , VPHAS+ (Drew et al. 2013) , MA-CHO (Alcock et al. 1993) , OGLE (Udalski et al. 1992) , EROS (Aubourg et al. 1993) , MOA (Muraki et al. 1999) , and GAIA (Perryman et al. 2001) . The survey covers a 562 square degree area in the Galactic bulge and the southern disk which contains 10 9 point sources (Saito et al. 2012a) . Each unit of VISTA observations is called a (filled) "tile", consisting of six individual (unfilled) pointings (or "pawprints") and covers a 1.64 deg 2 field of view. To fill up the VVV area, a total of 348 tiles are used, with 196 tiles covering the bulge (a 14 × 14 grid) and 152 for the Galactic plane (a 4 × 38 grid) (Saito et al. 2012b ). We selected one specific tile from the bulge to characterise M dwarf stars called "b201". The galactic coordinates of this tile's center are l=350.74816 and b=-9.68974. This tile is located in the border of the bulge where star density is lower and extinction is small allowing good photometry, as shown in Figure 1 . Photometric catalogues for the VVV images are provided by the Cambridge Astronomical Survey Unit (CASU 1 ). The catalogues contain the positions, fluxes, and some shape measurements obtained from different apertures, with a flag indicating the most probable morphological classification. In particular, we note that "-1" is used to denote the best-quality photometry of stellar objects (Saito et al. 2012b) . Some other flags are "-2" (borderline stellar), "0" (noise), "-7" (sources containing bad pixels), and "-9" (saturated sources).
Colour-Selection Cuts from SDSS-UKIDSS M dwarfs
To identify potential M dwarfs in the VVV b201 tile, we performed several colour-selection cuts using the VVV passbands as described in the subsections below. Before performing those cuts, we did a pre-selection of the objects in the tile b201 to ensure that the objects have the best-quality photometry. In this pre-selection, we included only objects that had photometry in all five passbands (ZY JHK s ), and that were classified as "stellar" in each passband. A total of 142,321 objects in the tile b201 satisfied these conditions. 1 http://apm49.ast.cam.ac.uk/ Fig. 1 . Extinction map of the VVV field b201. The values are based on the maps of Gonzalez et al. (2012) , using the Cardelli et al. (1989) extinction law, for a resolution of 6 × 6 . This field is located in the bottom-right corner of the VVV bulge area, within coordinates −10
• l −8.5
• and −10
• l −9
• . For a large portion of the area the total extinction A Ks is lesser than the lower limit computed by the Gonzalez et al. (2012) map, of A Ks < 0.0001 mag. While the maximum value found is A Ks = 0.0890 mag, the mean extinction over the entire field is A Ks = 0.0083 mag. The total extinction is expected to be mostly in the background of the M dwarfs, and therefore overestimated. However, the values are small and the effect should be negligible, at least in this particular region (the effect would be significant in other more reddened regions of the bulge as shown by the reddening maps of Gonzalez et al. (2012) ). This degree of extinction produces no or negligible effects in the photometric limits used in our target selection.
The colour selection cuts were defined from spectroscopically identified M dwarfs with UKIRT Infrared Deep Sky Survey (UKIDSS) photometry.
We selected the Sloan Digital Sky Survey DR7 Spectroscopic M dwarf catalogue by West et al. (2011) as the comparative M dwarf sample. The 70,841 M dwarf stars in this catalogue had their optical spectra visually inspected and the spectral type of each object was assigned by comparing them to spectral templates. Their spectral types range from M0 to M9, with no half subtypes. This catalogue also provides values for the CaH2, CaH3 and TiO5 indices, which measure the strength of CaH and TiO molecular features present in the optical spectra of M dwarfs.
We performed a cone search with a radius of 5 of these SDSS M dwarf stars in the UKIDSS-DR8 survey (Lawrence et al. 2012) . The UKIDSS survey is carried out using the Wide Field Camera (WFCAM), with a Y (1.0um), J (1.2um), H (1.6um) and K (2.2um) filter set. The cone search provided UKIDSS-DR8 matches for almost half of the SDSS M dwarf sample (34,416 matches) . Next, we only kept the UKIDSS counterparts consistent with being a stellar objects (pStar > 0.9), with measured magnitudes in all WFCAM Y JHK filters, and with CaH and TiO indices compatible with average M dwarf stars. The final SDSS-UKIDSS comparative M dwarf sample consists of 17,774 objects.
To convert the WFCAM Y JHK magnitudes of the SDSS-UKIDSS M dwarf sample to VISTA Y JHK s magnitudes, we used the conversions provided by CASU 2 , derived from regions observed with both VISTA and WFCAM.
The mean and standard deviation for all of the colours from VISTA Y JHK s photometry per M spectral subtype, as well as Table 1 .
We have defined the colour-based selection of M dwarf by inspecting the colours of all the stars within 1-sigma from the mean colour. The resulting limits are:
From our pre-selection of 142,321 objects, only 23,345 objects have colours that are consistent with M dwarf stars, according to the colour-cuts shown above. Forty-percent of these objects have magnitudes 12<K s <16, and therefore have reliable magnitudes for variability and are the best M dwarf candidates to detect any possible transits (9,232 objects).
Spectral Types and Photometric Distances for VVV M dwarfs
The mean colours per spectral type in Table 1 show that spectral type is a monotonically increasing function for the following colours: Y − J, Y − K s , and H − K s . We conducted multivariate regressions on the Y − J, Y − K s , and H − K s colours for the 17,774 stars in the SDSS-UKIDSS comparative M dwarf sample to identify the best-fit relationship to predict each star's spectral type. The resulting subtype calibration is
with RMS E V being the root-mean-square error of validation, a sensible estimate of average prediction error (see appendix in Rojas-Ayala et al. 2012) . Spectral types for all the M dwarf candidates are given in Table 3 .
To identify the location of M dwarfs at different distances in the Colour-Magnitude Diagram (CMD), we used the nearby M dwarfs with M K s and spectral type estimates in Rojas-Ayala et al. (2012) . Using the colour transformations from WFCAM to the VISTA system, we estimated the apparent K s magnitudes at different distances per spectral type ( Table 2 ). The locations of the M dwarf sequence at 60 pc, 300 pc and 1000 pc coincide with the location of the colour-based selection of M dwarfs described above, as well as the K+M dwarf sequence identified by Saito et al. (2012b) , as shown in the CMD of Figure 2 . Based on the estimated M subtypes derived by Equation 1, we provide estimated distances for the colour-based selected M dwarfs in Table  3 . We emphasise that these distances are provided to have an approximate location of the objects with respect to the bulge, and they are not expected to be accurate. Considering the spectral types in Table 3 , the deeper photometry of VVV has a higher impact in the number of late type M dwarfs that can be found in the b201 tile. By performing a 5 search of the 23,345 objects in 2MASS Point Source catalogue (Cutri et al. 2003) , we can estimate that the number of M9 stars found by VVV in the b201 tile is ∼30 times larger than the one that can be found with only 2MASS photometry (1 versus 30 M9 stars at distances up to ∼ 300 pc). The number of M8 and M7 stars is 18 and 13 times larger that the ones by only 2MASS photometry (at distances up to ∼ 500 pc), while the number of M4 is about 4 times more (at distances up to ∼ 1000 pc).
Possible Giant Contaminants
Giant stars are the most common contaminants of colour-based selections of M dwarfs. Bessell & Brett (1988) derived intrinsic colours in the Johnson-Glass system for several V and III class stars, and schematically showed the position of dwarfs, giants, supergiants, carbon stars and long-period variables in the (H − K, J − H) diagram. By using (V − K) as proxy for spectral type, Bessell & Brett (1988) showed that giants and dwarf stars share similar (J − H) and (H − K) colours for (V − K)< 3.5, but their (H − K) colours make them almost indistinguishable up to (V − K)∼6. Colour cuts based on (J − K s ) and (J − H) colours have been used to identify giants in different parts of the Galaxy (e.g. Sharma et al. 2010; Bochanski et al. 2014) , however they only serve to isolate the cooler giants from M dwarfs ((J − K s )> 0.85). The giant sequence passes through the M dwarf region in the (J− K s , J − H) diagram, with K and early M giants contaminating the sample of colour identified M dwarfs (see Figure 2) . The colour selection criteria described in Sharma et al. (2010) identifies 299 objects as giants stars in our whole M dwarf sample, 60 of them within the magnitude range 12<K s <16.
Another way to identify giants, when their distances are unknown, is by their location in a reduced proper motion diagram (e.g. Lépine & Gaidos 2011) . To get estimates of the proper motions of the whole M dwarf colour-based selection, we performed a cone search with a 5 radius of their coordinates in the PPMXL catalogue (Roeser et al. 2010 ) and the SPM4 catalogue (Girard et al. 2011 ). The PPMXL catalogue covers both hemispheres, while the SPM4 catalogue covers objects between the south celestial pole and -20
• declination, with higher proper motion precision than PPMXL. Both of these catalogues provide the crossmatched 2MASS photometry for their objects, and we only considered the objects with |K V IS T A s − K 2MAS S s | ≤ 0.5 mag. We obtained total proper motions, µ in /yr, for 6,464 and 2,940 objects from PPMXL and SPM4, respectively. The number of stars in the 12<K s <16 M dwarf selection with PPMXL and SPM4 total proper motions is 6,216 and 2,760, respectively. We calculated their J magnitude reduced proper motion H J using the definition
Lépine & Gaidos (2011) defined a criterion to separate M dwarfs from giants based on V magnitude, reduced proper motion H V , and (V − J) colour. This criterion cannot be used for our stars since V magnitudes are hard to find in the literature for the 12 < K s < 16 M dwarfs. For that reason, we computed an equivalent criterion based on J and K s magnitudes. We grouped the stars of the Lépine & Gaidos (2011) study by their estimated spectral types, obtained their mean (V − J) and (J − K s ) colours, and calculated the dwarf/giant discriminator H * J as function of mean (V − J) per spectral type, using our definition of H J , by rewriting Equation 8 of Lépine & Gaidos (2011) as follows:
Then, using the mean (J−K s ) colour corresponding to each mean (V − J) per spectral type, we performed a linear fit to obtain H In the 12<K s <16 M dwarf sample, using the criterion above, we identified 555 likely giant stars from PPMXL proper motions, with 24 of them exhibiting (J − K s ) and (J − H) colours compatible with giants. From SPM4 proper motions, we identified 328 likely giants, with 18 of them exhibiting cool giant colours. Almost all of the 12<K s <16 objects in SPM4 have also PPMXL proper motions (2,595 stars). For about 40% of them, the PPMXL and SPM4 total proper motions agree within ±0.01 /yr, with the PPMXL catalogue providing higher values of total proper motions than SPM4 (by more than 0.01 /yr) for the majority of the rest. Considering the reduced proper motion criterion, only 164 objects are likely giants with both PPMXL and SPM4 proper motions (16 of them have giants colours, too).
Their locations in the CMD and (H − K s , J − H) diagram are shown in Figure 3 .
The names, VISTA photometry, spectral type, and estimated distances of the 23,345 colour-selected M dwarf candidates are listed in Table 3 . The total proper motion, J RPM and likely giant flag are given for the stars with PPMXL and SPM4 proper motions, as well as the 299 colour selected giants.
VVV Light Curves for M dwarfs
We constructed the light curves of the 9,232 M dwarf candidates with 12<K s <16 in the tile b201, considering only the first 26 epochs of VVV observations. These epochs cover observations taken from December 2010 to September 2012. Considering the unevenly sampled data and the low number of epochs, we searched for objects with light-curves with "transit-like" signals by identifying "outliers", i.e. epochs with magnitudes considerable fainter than the median magnitude of all epochs, in each light-curve. We used the median and median absolute deviation (MAD) statistics to identify outliers, given that they are very insensitive to the presence of outliers in the data, contrary to the mean and the standard deviation. An epoch is classified as an outlier if its magnitude is 3-MAD away from the median magnitude of the light-curve.
By inspecting the outliers in each light-curve, we found that certain epochs were consistently flagged as outliers. These epochs correspond to the observation dates with seeings smaller than 0.8", where several stars with K s < 12.8-13 mag appear to be consistently fainter. We also found that epoch 14 exhibits the higher dispersion in all magnitudes. Considering the above, and the fact that at all epochs the dispersion increases at K s > 15.8 mag, we restricted our study of the light-curves to the M dwarf candidates with 12.8 < K s < 15.8 mag, without considering epoch 14. Due to the small number of epochs, we also only considered objects with "-1" flag (stellar) in all epochs and with mean magnitude errors of all the epochs smaller or equal to 1.5 MAD.
We found 95 M dwarf candidates and 12 likely giants that exhibit at least 3 epochs with 3-MAD fainter K s magnitudes than the median of the 25 epochs (removing epoch 14) out of the 3,843 objects that satisfied all of the conditions mentioned above. Examples of the type of light curves found can be seen in Figure 4 .
Conclusions
We identified 23,345 M dwarf candidates in the VVV b201 tile from colour-cuts based on 17,774 M dwarfs with SDSS spectra and UKIDSS photometry. Their positions in VISTA-colour diagrams match the stellar locus derived from stars with 2MASS photometry by Covey et al. (2007) , as well as the dwarf sequences from synthetic colours calculated from IRTF Library spectra (Appendix A). From that sample, we selected 9,232 stars with 12<K s <16 magnitudes for further characterisation of their light curves. From their position on a reduced proper motion diagram and their J−K s and J−H colours, we identified 753 objects with a higher chance of being giants instead of M dwarfs. From the sample of likely M dwarfs, we searched for transit-like light curves based on 25 epochs of the VVV survey. We found 95 objects with light curves with 3 or more epochs with significant decrease of their luminosity. Assuming that the light curves correspond to non-grazing objects fully transiting the M dwarf, the sizes of these possible companions range from the ones of ultracool dwarfs (∼0.12) to sizes of a couple of earth radii. However, Notes. In column Obs., likely giants are flagged as "G" followed by numbers 1, 2 and/or 3, where 1-proper motion from SPM4, 2-proper motion from PPMXL, and 3-colour selected. Stars with transit-like curves are flagged as "T"
this is assuming the conditions mentioned above and assuming that the light curves are due to transiting objects. More VVV epochs and further spectroscopic follow-up are needed to confirm the properties of the stars and the real nature of their light curves. The deeper photometry of VVV has a higher impact in the number of nearby, late type M dwarfs that can be found towards the bulge of the Galaxy, missed by previous NIR surveys. VVV will be a major contributor to the discovery and study of very low-mass stars and and possible companions towards the center of the Milky Way.
We estimated VISTA colours of the FGKM dwarf and giant sequences by computing VISTA ZYJHK s magnitudes for 52 FGKM dwarf and 54 FGKM giant stars from the Infrared Telescope Facility (IRTF) Spectral Library 3 . The IRTF Spectral Library has a collection of R∼2000-2500 FGKM stellar spectra observed with the SpeX spectrograph, with a spectral range of 0.8 to at least 2.5µm (Cushing et al. 2005; Rayner et al. 2009 ). The stars in the library were absolutely flux calibrated using 2MASS photometry, with their spectral continuum shape preserved.
The VISTA synthetic magnitude in each filter was estimated using the following equation:
The second term of the Equation A.1 corresponds to the zero point of the magnitude scale. For calculation of the VISTA synthetic magnitudes presented here, the F 0 λ flux corresponds to that of the Vega spectrum in the CALSPEC library 4 (Bohlin 2014 ). The response function of the VISTA filter set, S λ , was calculated from the quantum efficiency curve of the detector and transmission curves for each filter 5 . The VISTA synthetic colours calculated for dwarf and giant stars in the IRTF library are given in Tables A.1 and A.2, respectively.
Using the stars in Tables A.1 and A.2, we fitted the colours of the giant and dwarf sequences using a fifth-order polynomial in H − K s with the form:
We tabulated the fitted colours of the giant and dwarf sequences as function of H − K s colour in Table A Covey et al. (2007) , derived from SDSS and 2MASS photometry), and it is in agreement with the one derived in this work from VISTA synthetic colours. The disagreement between the UKIDSS and VISTA sequences may be due to the differences between the Z and Y synthetic filters of each survey. Article number, page 10 of 11 Bárbara Rojas-Ayala et al.: M dwarfs in the b201 tile of the VVV survey 
